Geographic variations in case volume have important implications for trauma system configuration and have been recognized for some time. However, temporal trends in these distributions have received relatively little attention. The aim of this study was to propose a model to facilitate the spatiotemporal surveillance of injuries, using Scotland as a case study.
T rauma is a global public health issue, resulting in more than five million fatalities per year and contributing an estimated 11% of the world total of disability-adjusted life years.
1,2 Serious injury often necessitates specialist treatment, both prehospital and inhospital, and trauma systems-clinical networks comprising emergency medical services, as well as designated trauma centers-have been shown to save lives and improve functional outcomes. 3, 4 The access to such specialist care is key [5] [6] [7] and is determined by the degree of match between the geographic location of incident occurrences and that of assets such as ambulances, helicopters, and trauma centers. The spatial injury profile is thus an important consideration for a trauma system, 8 but descriptive epidemiology has traditionally focused on the characteristics of the person and paid less attention to the place of injury occurrence. 9 Furthermore, there is an increasing recognition that spatial injury profiles may change over time. [9] [10] [11] [12] The Centers for Disease Control and Prevention and the World Health Organization have developed the concept of "injury surveillance", which is defined as the ongoing and systematic collection, analysis, interpretation, and dissemination of health information, with a view to informing the effectiveness of prevention and treatment. The evaluation of temporal trends is a recognized component of such analyses-trauma centers and public health departments routinely keep track of, for example, the number of patients with gunshot wounds. Similarly, geographic differences in case volume are well recognized: Gunshot wounds are more common (both in absolute numbers as well as per capita) in some areas than others. 2 However, temporal changes in these distributions, often referred to as spatiotemporal trends, have received relatively little attention, and recent reports have focused on relatively small areal units, and short time-scales. 9, [11] [12] [13] [14] Every geographic region can be thought of as having a "spatial injury profile", which describes the number of injuries occurring in each location. This concept can be applied to the injured population as a whole, as well as subgroups such as those patients who had ballistic or penetrating injuries. Spatial injury profiles are important because they determine, in conjunction with the configuration of the trauma system, its geospatial effectiveness.
We hypothesized that the spatial injury profile of a population as a whole may change over time, with implications for the trauma system serving it, and that different types of injuries may present different patterns of spatiotemporal change. The aim of this study was to propose a model to facilitate the spatiotemporal surveillance of injuries. In particular, we sought to enable the early detection of local increases or decreases in absolute numbers of cases that could inform the planning of trauma services infrastructure.
METHODS
This is a retrospective analysis of 5 years of national data collected routinely by the Scottish Ambulance Service (SAS) for incidents attended between January 1, 2009 and December 31, 2013. Permission for this evaluation was provided by the SAS.
Setting
Scotland has a land area of 78,770 km 2 , including 94 inhabited islands, and a mixed urban/rural population of 5.3 million. There are four major cities: Glasgow, Edinburgh, Aberdeen, and Dundee. Key geographic areas are shown in Figure 1 . Large parts of the country, in particular, the north and west, are remote. The population density of Scottish council areas ranges from 8/km 2 to 3412/km 2 . 15 The SAS is, de facto, the sole provider of prehospital care, and collects high-quality prehospital data on all incidents attended. Furthermore, selfpresentation with serious injury is rare. Prehospital data therefore lend themselves to the population-based analysis of case volume and distribution, and have previously been used to study the country's static spatial injury profile. [16] [17] [18] [19] Design, Data Source, Case Definition, and Subgroups All trauma episodes attended by the SAS were electronically coded by emergency medical service providers using the Medical Priority Dispatch System (MPDS; Priority Dispatch Corporation, Salt Lake City, UT). The MPDS is a dispatch system rather than a diagnostic coding system. The SAS therefore records both an initial dispatch code, based on caller interrogation, as well as a final diagnostic code, based on paramedic assessment, both using the MPDS system. A case was defined with regard to this final diagnostic code. We included incidents with trauma-related final diagnostic codes (Table, Supplemental Digital Content 1, http://links.lww.com/TA/B250) and extracted demographic, physiologic, geographic, and dispatch data for analysis. We analyzed the study population as a whole, as well as a number of subgroups, which had been agreed a priori, including patients with abnormal physiologic signs (as defined by the Scottish Ambulance Service trauma triage protocol: systolic blood pressure, <90 mm Hg; Glasgow Coma Scale, <14; respiratory rate, <10 or >29 breaths per minute), and those with specific traumatic injuries, including "falls", "penetrating injuries", and "traffic/transportation-related injuries", which are categories used by the MPDS system. Patients with abnormal physiology were chosen because such abnormalities are often indicative of serious or even life-threatening problems and thus require more urgent care. Patients who had falls were selected because this injury pattern represents the second largest cause of years lived with disability in the UK. 20 Penetrating trauma was chosen because these injuries are relatively rare in Scotland and occur in relatively confined areas. 21 Lastly, traffic-related incidents were analyzed because of their presumed wide geographic distribution.
Modeling Approach
Our analysis aimed at (1) characterizing the average geographic distribution of expected incident numbers within the country; (2) identifying short-term temporal trends in incident numbers over 5 years; and (3) identifying regional differences in temporal trends over 5 years. Serious injuries typically have low prevalence, especially in areas of low population density. This means that for a given highly resolved spatial unit, there will often be insufficient power to precisely estimate expected incidence or to detect temporal trends. Here, we propose to solve this issue by adopting a geographically weighted regression (GWR) approach. 22 Geographically weighted regression smoothes model coefficients over space, under the assumption that variations in the numbers of cases are spatially correlated, that is, that they are more similar among neighboring units than among more distant units. In this way, GWR allows the sharing of information across neighboring spatial units, which may very effectively increase the statistical power to detect regional temporal trends in rare events over relatively short time periods. Technical details of the statistical approach are shown in Box 1.
Spatial Data and Presentation of Results
We used freely available "shapefiles" (a widely used format for files containing geographic data) of Scottish postcode districts. 26 The results are presented as maps. Technical details of the manipulation of the shapefiles to create a neighborhood structure with adjacencies are given in Box 2.
RESULTS

Characteristics of Study Population
There were 509,725 incidents recorded over the duration of the study period. The baseline characteristics of the study population are shown in Table 1 . The number of patients per year varied from 96,797 in 2009 to 105,786 in 2012. The proportion of injured males was slightly higher (51.5%) than that of females (46.9%), with 1.6% of patients not having had their sex recorded. These proportions were consistent across the duration of the study. The median age was 55 years (interquartile range, 30-79 years) but increased from 53 years in 2009 to 59 years in 2013. The distribution of final diagnostic code categories was similar for the entire period, with most of the incidents (54.4%) being due to falls, followed by assaults (11.9%), injuries involving hemorrhage/lacerations (11.8%), unspecified other traumatic injuries (10.5%), and traffic and transportationrelated injures (7.2%). Of the patients, 6.8% had at least one physiologic abnormality (systolic blood pressure, <90 mm Hg; respiratory rate, <10 or >29 breaths per minute; or Glasgow Coma Scale, <14). Figure 2A shows the mean number of incidents per postcode district per year. The distribution broadly reflects the distribution of the population as a whole. Case volume is high in the central belt area, lower in the northeast and south of the
All Incidents
Box 1: Spatiotemporal statistical model
The Scottish Ambulance Service geocode incident locations by full UK postcode, of which there are approximately 188,000 in Scotland. We used aggregate counts per postcode district (PCD, the part of the postcode before the space, consisting of one or two letters, followed by one or two digits, numbering 444 in Scotland) for the statistical analysis because full postcodes have too high a spatial resolution for the purpose of this study and would represent an unnecessarily high computational burden. Furthermore, while all administrative units of comparable size in use in the country, including Intermediate Zones, 23 have a higher density and spatial resolution (smaller size) in urban areas relative to countryside, postcode districts benefit from a relatively more homogeneous spatial resolution. For each PCDi, we sought to estimate the average number of incidents (spatially-varying intercept α i ) as well as a linear temporal trend (spatially-varying coefficient β i ). Following the GWR approach, we constrained these two sets of coefficients to vary smoothly over space. The smoothing was implemented in discrete space by a Markov random field, conditioning estimates for each PCD on those from adjacent PCDs, as indicated by Equations (1-4).
where d is the datum index (incident count per spatial unit per year). The model assumes a Poisson distribution for the counts of incidents per PCD and per year (Eq. 1). Equation 2 assumes a linear trend in expected numbers of cases per PCD with general intercept μ and spatially-varying intercept α i and slope β i for the centered year covariate T. n i is the number of neighbors of spatial unit i, i~j reads "for all j sharing a border with i", and τ is the precision parameter. The model was implemented in R 3.2.1 24 as a Generalized Additive Model with the function "gam:mgcv". 25 The Gaussian Markov random fields represented in Equations (3) and (4) were specified using the "bs=mrf " argument for the smooth component of the model.
Box 2. Manipulation of shapefiles to create a neighborhood structure with adjacencies
To compute Markov random field parameters, the Scottish postcode districts layer must be converted into a neighborhood structure that relates to postcode districts, which are adjacent to each other. Because some PCDs on islands are not connected to any neighbors, trend estimates would tend to rely on too small sample sizes and hence become unstable and unreliable. We therefore modified the PCD layer by creating artificial connections between isolated PCDs and adjacent island PCDs, located within a 20-km buffer area, assuming that islands within groups such as the Outer Hebrides should be similar to each other. We also created such connections between the islands of Arran and Gigha, and the Kintyre peninsula, again assuming that these areas shared common characteristics. This procedure was performed using QGIS (QGIS Version 12.2.1) and resulted in no PCD being left without a neighbor. These modifications are visible as "bridges", connecting the islands, on the maps. country, and very low in the Highlands and on the islands. Figure 2B shows the spatiotemporal trends. There have been increases in the Glasgow area, the central southern part of the country, the northern parts of the Highlands, parts of the Northeast, and the Orkney and Shetland Islands. Statistically significant changes, indicated by hatched areas, were mostly restricted to major cities. Decreases in the number of incidents were seen in the Hebrides, Western Scotland, Fife and Lothian, and the Borders. Statistically significant changes were seen mostly in Fife and Lothian, parts of the West of Scotland, some areas of the Borders, and in the Peterhead area.
Patients With Abnormal Physiology
Figures 3A and B show the distribution of trauma patients who were hypotensive, and/or had an abnormal level of consciousness, and/or respiratory rate. Figure 3A shows the mean number of incidents per postcode district per year. The distribution again broadly reflects the population distribution. The analysis of spatiotemporal trends (Fig. 3B ) presents a very different picture, however: There has been an increase in volume in the Northern Highlands, on the Isles of Skye, and on the Orkney and Shetland Islands, although the change was only statistically significant for the Orkney Islands. Southern and Central Scotland, the Central Belt, Fife, and the West all saw decreases in the number of these patients; and many of these changes, particularly in the West and Southwest, were statistically significant.
Falls
Patients who experienced falls present a more mixed picture. The baseline distribution is similar to previous (Fig. 4A) . Figure 4B demonstrates the spatiotemporal trends. There were increases in parts of the Highlands and on Orkney, as well as the Northeast, around Glasgow, and in Southern Scotland. Statistically significant increases were mostly seen in and around Glasgow, in the Inverness area, and in the very south of the country. The central parts of Scotland, many areas of the West and Western Highlands, the Hebrides, Fife, and Lothian saw decreases in volume, many of which were also statistically significant.
Penetrating Injuries
The volume of penetrating injuries was low in most parts of Scotland, and there were many postcode districts with "zero counts". Only Glasgow and Dundee had postcode districts (PCDs) with relatively high counts (Fig. 5A) . However, the spatiotemporal analysis (Fig. 5B) showed that penetrating injuries had increased slightly in the Highlands and on the Outer Hebridean Islands and in parts of Western Scotland. However, these changes were not statistically significant, except for one district, around Pitlochry. The Central Belt, including Glasgow, the Northeast, the South, and the Orkney and Shetland Islands, all witnessed decreases in the number of incidents involving penetrating injuries, with the changes in the Central Belt often being statistically significant.
Traffic and Transportation Injuries
The distribution of traffic and transportation injuries is shown in Figure 6A . The number of incidents increased over the duration of the study period in many parts of Scotland, including the Central Belt, the Highlands, the West, the South, the Northeast, and the Orkney and Shetland Islands (Fig. 6B) . Statistically significant changes were apparent particularly at the Western end of the Central Belt, as well as Edinburgh, Aberdeen, and Orkney. The changes on the Islands of Mull, although marked, were not statistically significant. A few areas showed decreases, but these were also not statistically significant.
DISCUSSION
Spatiotemporal trends, and their importance in injury prevention and health policy, are gaining increasing recognition. However, recent publications have focused on smaller geographic areas, such as cities, and shorter time-scales. 9, [11] [12] [13] [14] This large population-based study of more than half a million trauma incidents in Scotland has shown evidence of spatially heterogeneous temporal trends in the injured population as a whole, over a 5-year period. These were, however, underpinned by idiosyncratic spatial patterns of change at the level of subgroups, such as those affected by different types or mechanisms of injury. The geographic distribution of trauma incidents broadly follows that of the population as a whole-people are usually, albeit with some exceptions, injured near to where they live or work. 17, 27 However, our results demonstrate regional trends, which are of importance to the future development of Scotland's trauma network, particularly if sustained. It is likely that these trends are the consequence of a combination of factors, such as demographic change, migration, changes to the road network, crime, etc. Our findings highlight the dynamic nature of spatial injury profiles and the need to monitor trends.
Implications for Scotland's Trauma System
The gradual increase in the number of incidents and the number of incidents involving patients with abnormal physiology in remote mainland and island settings should prompt a further evaluation of the provision of prehospital services in these areas. Patients with abnormal physiology, indicative of potentially serious or life-threatening injuries, require urgent treatment, and rapid onward transport to definitive care, at a major trauma center. Additional work is required to determine whether such patients experience different outcomes when injured in remote areas. and how such treatment can be provided. Many remote areas of Scotland rely on single ambulances, staffed by paramedics, to cover large areas; and many Islands are only accessible by helicopter. The provision of physician-led prehospital care is patchy, and Scotland's helicopter emergency medical service currently relies on a small number of aircraft. Its helicopters, furthermore, do not have night-flying capability and only limited ability to operate in poor weather conditions, which impacts on the ability to reach patients injured in remote locations. Consideration should be given to expanding the network of aeromedical retrieval assets, to enhance on-scene and en-route care, to offset the increasing number of incidents occurring in remote and rural incidents, with poor direct access to definitive trauma care. The widespread increases in the number of trafficand transportation-related incidents also warrant further investigation with regard to preventability. This category currently covers a large number of diverse types of incidents, and further breakdown may be helpful.
The number of penetrating injuries is much smaller than that of the other categories. Nevertheless, the decrease seen in the Central Belt area is noteworthy and should prompt further study of what has precipitated this positive change. There are also noteworthy differences not only between urban and rural areas of Scotland but also between its two main cities, Glasgow and Edinburgh. Glasgow has seen an increase in the overall volume of trauma incidents, whereas the volume has decreased in Edinburgh. The number of patients with physiologic abnormalities has decreased in both locations, but the number of patients who had falls has increased in Glasgow and decreased in Edinburgh. These changes highlight the critical importance of a well-organized regional trauma system in the greater Glasgow area. At present, discussions regarding the configuration of this part of the network are ongoing. There are also concerns about the capacity of the Glasgow's major trauma center. Our study indicates that these concerns are valid, as case volume in this area is increasing. In contrast, decreasing case volumes in the areas served by the remaining major trauma centers in Edinburgh, Dundee, and Aberdeen could further reduce already critically low case volumes, 16 threatening the viability of these centers. This study intentionally investigated the volume of incidents per area rather than the incidence rate (number of incidents per population per area). While the two measures are complementary, case volume is more relevant to system configuration, whereas the latter measure, which should ideally also be sexand age-adjusted, is particularly pertinent to the analysis of risk and injury prevention strategies. At present, there is little indication that changes in the incident distribution should prompt a re-evaluation of the configuration of Scotland's trauma centers, particularly in light of the decision to designate four major trauma centers, and thus prioritizing accessibility over the ability to provide specialist care. However, given the low case volume of some of the recently designated major trauma centers, ongoing surveillance and frequent re-evaluation of system configuration are important. 
Methodologic Considerations and Limitations
The geographically weighted regression approach for injury surveillance makes only relatively weak assumptions over and beyond the standard assumptions of Poisson Generalized Linear Models. The simplifying assumption of linear temporal trends for each locality seems reasonable given the short time span considered (5 years) and allows an intuitive interpretation of estimated rates of change. Where the time span is longer or prior knowledge suggests nonlinear trends, the use of threedimensional smoothers over both space and time may be warranted. The existence of smooth spatial trends (i.e., spatial heterogeneity at scales broader than individual post code districts) is clearly supported by our data. The level and structure of the smoothing is constrained by the scale and shape of the administrative units used. In Scotland, the size of administrative units such as post code districts varies considerably between the least and most densely populated areas. As per standard practice in disease mapping in discrete space, the Markov Random Field implemented in our spatial model assumed that the correlation between neighboring units was the same irrespective of the size of the spatial units involved. This assumption remains untested and may require further investigation for studies where the precision of estimates is key. A possible approach to circumvent the problem may involve models assuming latent spatial random fields in continuous space.
Our largely intuitive rule for regrouping neighboring islands seemed to be well supported by the data, in the sense that greater variation was found between than within spatial clusters for all types of injuries (Figs. 2-6 ). There may be scope for further improving the model predictions for islands by fine-tuning the neighborhood relationships between islands, but we expect such optimization to be case-specific and labor-intensive, with only modest returns.
While smoothing may mask local variation in case numbers at very fine spatial resolution, it first and foremost allows the efficient extraction of informative patterns from potentially sparse data by pooling information across neighboring districts. Thanks to effective methods for selecting optimal smoothing levels, 25 the spatial resolution of resulting estimates reflects the richness of each data set. This is illustrated, for example, by the noticeably smoother estimates of spatial variation in temporal trends obtained for groups with few cases (such as abnormal physiology and penetrating injuries; Figs. 3 and 5), in contrast with the smaller-scale variation of estimates for common injuries such as falls (Fig. 4) . Geographically weighted regression showed good power for detecting short-term trends; hence, it provides an effective, spatially resolved early detection method that should remain useful for relatively rare diseases or injuries.
This study, together with some of our previous work, once again demonstrates the utility of using ambulance service data. The value of such data has also been noted by other investigators. 9 Hospital-based administrative data sets often do not record injury-specific details, such as incident location, which is a major impediment to geographic analysis. Ambulance service data, in contrast, do contain such information. However, we acknowledge that such data are not available in all settings, particularly when services are offered by a multitude of providers, as is often the case in the United States. This may limit the immediate generalizability of the approach in some countries.
The disadvantage of relying on prehospital data sources does not take into account those patients who self-present; however, this number is small in Scotland, and most have minor injuries. Lastly, the MPDS coding is relatively crude because it is intended to aid the dispatch of EMS vehicles rather than as a diagnostic coding system. Some of the codes are not mutually exclusive, and their application is determined by the SAS's operating procedures. However, the methodology does not rely on any particular coding system and could be performed with any other type system, such as International Classification of Diseases, Ninth Revision or International Classification of Diseases, Tenth Revision. Linkage to a national administrative data set (such as held by the Information Services Division of NHS Scotland) would allow a much more detailed analysis but is administratively complex, as prehospital records often contain incomplete information on which to match.
CONCLUSIONS
This project has demonstrated the feasibility and power of population-based spatiotemporal injury surveillance. Even over relatively short time periods, the geographic distribution of where injuries occur may change, and different injuries present different spatiotemporal patterns. These findings have implications for the delivery and development of trauma and prehospital care in Scotland, and for injury prevention, at national and regional level. The method described is transferable and can be applied to almost any population as long as georeferenced incident location data are available. Further work should give consideration to how centralized health data repositories, such as those held by the Information Services Division of NHS Scotland, could be further linked to other sources, including prehospital and trauma registry data, to undertake more complex analyses. 
